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Tripping is a common cause of falls across different age populations particularly 
in older adults. Concerns regarding the validity of simulated-fall research protocols reside 
in the current literature. The purpose of this study was to develop a novel treadmill-based 
tripping protocol that allowed researchers to deliver unanticipated tripping perturbations 
during walking with a high level of timing precision. The protocol utilized a side-by-side 
split-belt treadmill instrumented with force platforms. Treadmill belt acceleration profiles 
(two levels of perturbation severity: small perturbation vs large perturbation) were 
delivered unilaterally when the tripped leg bore 20% of the body weight during early 
stance. Peak trunk flexion angle during trip recovery was the primary variable used to 
represent the fall recovery response and likelihood of falls. Test-retest reliability of the 
fall responses was examined in a group of 10 young participants; validity was examined 
through differentiation of the fall responses between young and older adults (age 20.9 vs. 
57.1 years, n=10 per group). We found that the perturbations were precisely delivered 
during the early stance phase (10-45 ms after initial contact). Moreover, this protocol 
elicited excellent reliability of recovery responses during both perturbation severities 
(ICC=0.944 and 0.911). Older adults exhibited significantly greater peak trunk flexion 
angle than young adults (p=0.035), indicating the current protocol was valid in 
differentiating individuals with different levels of fall risks. This novel protocol 
addressed some of the issues of previous simulated-fall protocols and may be useful as a 
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Falls frequently happen when normal walking is perturbed, such as during a 
tripping event (Berg et al., 1997; Heijnen and Rietdyk, 2016; Li et al., 2006). Whilst 
tripping happens in both older and young adults, they are seldom considered a hazard for 
serious injuries in young adults due to their ability to arrest the fall. In contrast, the 
prevalence of falls is as high as 62.1% in adults older than 50 years of age (Painter et al., 
2009). A previous study found that residents in long-term care facilities fell mostly due to 
incorrect weight shifting (41%) and tripping (21%) (Robinovitch et al., 2013). Other 
factors have been suspected to relate to a higher incidence of being tripped and higher 
probability of falling after a trip in older adults (Van Dieen et al., 2005). For example, 
Pijnappels et al. (2005) revealed that older adults showed a lower rate of change of 
support limb moment generation. Therefore, during their recovery responses, less 
reduction of angular forward momentum and decreased proper recovery step placement 
were observed (Pijnappels et al., 2005). 
 Fall sequelae are significant and include serious injuries, fear of falling, and self-
restricted social isolation and have all been widely reported (Hordacre et al., 2015). 
Specific to the United States healthcare system, the medical cost attributable to falls in 
older adults is 50 billion dollars annually, and it is projected to increase in the coming 
years (Florence et al., 2018). 
The definition of a trip varies in the literature, but the current consensus is an 
abrupt obstruction of a foot during gait (Arena et al., 2016; Pijnappels et al., 2010; 
Potocanac et al., 2016; Schulz, 2017; Sessoms et al., 2014). In most real-life scenarios, 
only one foot is obstructed. It is this sudden stop of the progression of a leg, coupled with 
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the continued forward acceleration of the body’s center of mass relative to the base of 
support that causes a trip (Lee et al., 2016b; Zhang et al., 2011). Researchers have 
focused on the trunk kinematics and kinetics in relation to leg motions and dynamic base 
of support to study mechanisms underlying falls and fall recovery (Aviles et al., 2019; 
Pavol et al., 2001). Additionally, since the compensatory postural responses evoked by 
trips are not solely under volitional control, conventional balance measurements might 
not be responsive to such balance insufficiency (Nashner, 1976, 1977, 1980). 
To properly study falls, biomechanics researchers need tools that can realistically, 
safely, and reliably replicate tripping events. An adequate tripping methodology should 
be able to produce certain technical characteristics (King et al., 2019). First, it should 
allow precise control of the timing of the perturbation incident including the onset and 
perturbation duration. There is also the need to consistently reproduce the perturbations 
to make valid within- or between-subject comparisons. Equally important is that the 
tripping perturbations should be unanticipated by the walker so that the response is 
naturally reactive. Anticipation alters gait because of cautious guarding and preparation 
for coming perturbations which can influence the fall recovery response (Pater et al., 
2015). As such, unanticipated perturbation delivery helps ensure natural gait before the 
perturbation and authentic responses. Third, the severity of the perturbation should 
ideally be adjustable to allow observation of a range of biomechanical responses. This is 
typically achieved by manipulating the displacement duration and/or the magnitude of the 
walking or standing surface acceleration (Pai et al., 2000; Szturm and Fallang, 1998). 
Adjustable perturbation severity is also useful for intervention purposes. Finally, a 
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tripping perturbation protocol should deliver the perturbation unilaterally to account for 
the rotations of the trunk and limbs in all three planes after a foot obstruction.  
One of the current methodologies to simulate tripping perturbations is the 
treadmill deceleration/acceleration method (Berger et al., 1984; Sessoms et al., 2014). 
Berger et al. developed the idea of simulated tripping during walking by manipulating the 
treadmill belt velocity (Berger et al., 1984). The protocol involves sudden acceleration or 
deceleration of the treadmill belt while a participant is walking on it. This method was 
able to elicit responses comparable to what occurs in daily life (Berger et al., 1984; 
Owings et al., 2001). Moreover, the method can minimize anticipatory reactions because 
no physical object is used as an obstacle to produce the trip (Zhang et al., 2011). 
However, the method has been criticized, as the severity of the perturbation may not be 
strong enough compared to perturbations encountered in real-life where an obstacle stops 
a single foot. Sessoms et al. (2014) improved the method by adding a brief deceleration 
phase of the treadmill belt to simulate the foot obstruction followed by belt acceleration 
to evoke the forward trunk motion (Figure 2B). However, in their protocol the tripping 
perturbation was delivered to the limb during the single-limb support period (i.e. near 
mid-stance) indicating that the tripped limb bore a significant percentage of the body 
weight at the instance of tripping onset. Delivering the tripping perturbation close to mid-
stance is also potentially problematic when examining individuals with disabilities or 
slow gait since their double stance phase is longer and they may not achieve true single-
limb support. These studies also did not clearly describe the triggering criteria. They were 
designed to target a long duration during gait (i.e. single-limb support period) but not a 
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certain instant of gait, leaving room for improvement regarding the precision and 
reproducibility of trips in these research protocols. 
In order to further improve the biomechanical evaluation of falls and fall recovery 
response, we developed a tripping fall simulation protocol that incorporates most of the 
strengths and accounts for most of the weakness in existing protocols. A ground-reaction-
force-based treadmill acceleration/deceleration method should enable precise and 
reproducible timing control of the tripping perturbation delivery. Additionally, a side-by-
side split-belt treadmill to elicit unilateral tripping should more closely resemble tripping 
events in real life. Therefore, we aimed to establish the reliability and validity of 
perturbation delivery and response using a novel protocol using a split belt ground-





System Apparatus Design 
The system consisted of three main components: 1) Bertec side-by-side split-belt 
instrumented treadmill (Model ITC-11-20L-4, Bertec Corp., Columbus, OH, USA), 2) 
VICON motion capture and data collection system and Datastream Software 
Development Kit (SDK; Oxford Metrics, Oxfordshire, UK), and 3) a customized program 
written in MATLAB (MathWorks Inc., Natick, MA, USA). 
The instrumented treadmill is capable of separate control of the movements of the two 
treadmill belts. Each belt was equipped with one force plate capturing ground reaction 
force data from the walker’s left and right foot contacts. The force data was sampled at 
1000Hz, time-synchronized with the VICON motion data and streamed by the SDK to 
the MATLAB software on a personal computer. The MATLAB code served as the 
interface to communicate between Datastream SDK and the treadmill controller. 
Specifically, the program read the vGRF from Datastream SDK and executed the pre-
programmed perturbations via the treadmill controller. The treadmill controller received 
remote control commands from MATLAB via the Transmission Control 
Protocol/Internet Protocol (TCP/IP) port, through which the program delivered the 
prescribed tripping perturbation by accelerating/decelerating the treadmill motors (Figure 










The treadmill-based tripping perturbation protocol started from establishing the 
participants’ comfortable walking speed (CWS). During a perturbation the designated 
treadmill belt, either left or right, would decelerate for 50ms, followed by 270ms of 
acceleration, and then decelerated again for 220ms to return to the CWS (Figure 2B). 
Two acceleration levels were used to simulate tripping perturbations of two levels of 
severity (small vs. large) (Sessoms et al., 2014). The acceleration magnitude utilized in 
the protocol was linearly scaled by the CWS. For a CWS at 1 m/s, the 
acceleration/deceleration was either ±6 m/s2 (small tripping perturbation) or ±12 m/s2 
(large tripping perturbation). For example: for a person who walks at a speed of 0.8 m/s, 
their accelerations would be 4.8 and 9.6 m/s2  for small and large perturbations 
respectively. This allows more realistic magnitudes of perturbation for individuals with 
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slower walking speeds, as a slower walking speed is indicative of lower balance ability. 
The automatic triggering criteria were based on the vGRF profile with the intention to 
deliver the perturbation during early stance phase of the tripped limb. In order to 
consistently deliver the perturbation during early stance phase, the perturbation was 
triggered when the following conditions were jointly met: First, the vGRF on the tripped 
side had to be between 20-25% of the person's body weight which was determined by 
asking the participant to stand quietly on the treadmill before the walking trials. Second, 
vGRF that met the first condition had to be greater than the vGRF 10ms prior to ensure 
that the trigger would occur in the ascending phase of the vGRF typical of during the 





Figure 2A. GRF from both limbs and perturbation triggering criteria. Blue vGRF line is 
from the tripped left limb; red lines enclose the designated window of a triggering event. 
B. Treadmill velocity profile. Solid line stands for a tripping perturbation with a small 
acceleration; dash line represents a tripping perturbation with a large acceleration. 
Protocol Reliability and Protocol Validation 
 
Protocol Reliability and Protocol Validation  
To validate our system, we examined its reliability and validity: 1) We measured 
the test-retest reliability of the fall recovery responses elicited by the protocol. 2) We 
examined the timing consistency in delivering the perturbation in relationship to the gait 
phase percentages. 3) We validated the protocol by examining whether it can be used to 
differentiate the trip recovery kinematic responses between younger and older adults. The 
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research protocol and procedures were approved by the Biomedical IRB of University of 
Nevada Las Vegas. For reliability, we recruited participants between ages of 18-30 from 
a university student population with no known musculoskeletal diseases or injuries nor 
any sensory or motor impairments that may influence their gait on a treadmill. 
Participants for reliability tests visited the laboratory twice, two weeks apart. Procedures 
of the two visits were identical. After providing informed consent, participants were 
tested on the abovementioned system with the kinematics captured using a 12-camera 
VICON motion capture system (sampling rate = 200Hz). The kinematic data were 
lowpass-filtered at 10Hz. A marker set for lower extremities and trunk was applied by the 
same investigator (Figure 3A). A harness attaching to a load cell was provided to prevent 
the participants from falls without interrupting their gait (Figure 3B). Falls were defined 
as when the participants had to grab the supporting struts, or when the load cell/harness 
supported more than 50% of their body weight. Four different trips were applied, 
including: small perturbation on the left limb and on the right limb, large perturbation on 
the left limb and on the right limb. The four perturbations were delivered in random order 







Figure 3A. Passive reflective marker set. B. Hardware settings. 
 
 
Peak trunk flexion angle during a tripping event has been shown to be predictive 
of a fall (Grabiner et al., 2008; Owings et al., 2001). Three events including the 
perturbation onset, contralateral limb contact, and tripped limb contact were 
chronologically identified in reference to foot position and vGRF data. Trunk flexion 
angle was defined as the trunk angle relative to the global vertical axis in the sagittal 
plane. Positive angle indicates trunk flexion and negative indicates trunk extension. Peak 
trunk flexion angle, after perturbation onset and before tripped limb contact, was located 
and used for analysis. To confirm the consistency of perturbation delivery timing, the 
perturbation onset timing in percentage of stance phase was calculated. The length of 
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stance phase was obtained from the normal walking period as an average value from 3 
strides. 
A group of older participants (>50 years of age) was recruited from the university 
and the local community for the purpose of protocol validation. They had no 
neurological, cardiovascular, and current musculoskeletal diseases that preclude walking 
on the treadmill. This older group visited the laboratory once. We compared their trip 
recovery trunk kinematic responses against the values from younger participants’ first 
visit to eliminate the possibility of learning effects. 
Statistical Analysis 
Fall incidence was presented in frequency and percentage. Test-retest reliability 
was estimated by intraclass correlation coefficients (ICC). A two-way mixed-effects 
model with absolute agreement on a single measurement was used (ICC3.1) (Koo and Li, 
2016). We defined poor, moderate, good, and excellent reliability with ICC values less 
than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.9 respectively 
(Koo and Li, 2016). Two-way ANOVAs were used for examining the effects of group 
(younger vs. older) and perturbation accelerations (small vs. large) on peak trunk flexion 
angle. Our a priori alpha was set at 0.05. Statistical analyses were all conducted using 
SPSS version 24 (IBM Corp., Armonk, NY, USA). 
Results	
 Ten younger individuals and twelve older individuals participated. One person in 
the older adult group reported hip pain and one other expressed fear of falling after the 
first tripping perturbation. These two persons withdrew from the study and were not 
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included in the analysis (Table 1). Figure.	 4 was data extracted from one of the 




 Age (y) Sex (M/F) BW (kg) CWS (m/s) 
Younger (n = 
10) 
20.90±1.66 3/7 62.79±9.63 0.90±0.17 
Older (n = 10) 57.10±4.70 7/3 84.20±12.96 0.95±0.28 
 




Figure 4. Example of sagittal trunk flexion angle in response to the tripping perturbation 






 In the younger group, the length of stance phases ranged from 635ms to 810ms. 
Perturbations were consistently delivered at 10-45ms after initial contact, approximately 
2.5% (median, range [1.4-4.6%]) of the stance phase. Peak trunk flexion angles during 
both the small and large perturbations were consistent between the visits (Table 2). The 
protocol yielded excellent test-retest reliability of the trunk kinematics during both small 









Peak trunk flexion angle (°) Fall 
incidence 
(%) 
Peak trunk flexion angle (°) 
  Visit 1 [95% 
CI] 




(n = 10) 
0 (0%) 13.4±6.9 
[8.9, 17.8] 




(n = 10) 
3 (15%) 19.9±6.4 
[15.5, 24.3] 




Table 2. Fall incidence and peak trunk flexion angle from younger and older groups, 






Of the 20 included participants, the older group was significantly heavier (p<0.001; 
Table 1). There was no significant difference in CWS between groups (p=0.63). None of 
the participants in the younger group fell in any tripping trials. The older group had 3 
falls under the small perturbation condition and 6 falls under large perturbation condition, 
yielding percentages of fall 15% and 30% respectively (Table 2). The peak trunk flexion 
of small perturbations in the younger group was 13.4˚ with a standard deviation (SD) of 
6.9˚, while the older group was 19.9˚ with SD of 6.4˚ (Figure 5). The peak trunk flexion 
angle of large perturbations in the younger group was 23.5˚±10.0˚, and while the older 
adult group was 33.7˚±10.1˚. Older adults exhibited significantly greater peak trunk 
flexion angle than young adults (p=0.035). Significant group main effect (p=0.035) and 
significant perturbation severity main effect (p<0.001) were found. Large perturbations 
elicited significantly greater peak trunk flexion angle than small perturbations did by 
72%. Older adults recovered from trips exhibiting 45% greater peak trunk flexion angle 






Figure 5. Peak trunk flexion angle with standard deviation for small and large 






























Peak Trunk Flexion Angle for Small and Large Perturbation  




 Our novel protocol was successful in delivering precise and reproducible 
perturbations that simulated tripping falls. The two acceleration profiles simulated two 
levels of severity of tripping perturbations as intended. The protocol was capable of 
differentiating the trip recovery responses between younger and older adults. We 
confirmed the consistency of the protocol in two aspects: 1) precision of delivery and 2) 
trip recovery kinematics. 
First, we observed that all perturbations were precisely delivered before the first 
5% of the stance phase as intended in a range of different CWS and length of stance 
phase. This high level of consistency was attributed to the GRF-based triggering criteria. 
GRF has been shown to remain consistent within one’s gait cycle and most consistent at 
one’s self-selected walking-speed (Masani et al., 2002; Patel and Bhatt, 2015). Our novel 
protocol used GRF-based triggering criteria to precisely invoke the trip by taking 
advantage of the modern force plate-instrumented, dual-belt treadmills. In doing so, the 
tripping perturbations were induced at precisely the same phase in the gait cycle. In this 
current study, we intended to deliver the perturbation in early stance and determine the 
triggering criteria accordingly. For future usage, we see the potential of this protocol 
being capable of precisely delivering perturbations at other instances during gait by 
changing the triggering value of GRF. Since trip recovery strategies are highly dependent 
on the timing of trip onset during gait (Eng et al., 1994), this GRF-based feature will 
allow thorough investigations across different trip recovery strategies.	
Second, the test-retest reliability of the protocol was confirmed by participants’ 
consistent trunk kinematics in response to the tripping perturbation. With a two-week 
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interval between tests, this protocol was able to elicit similar and reliable test-retest 
responses from the participants. A protocol that provides precise and reproducible 
perturbation timing can enable further investigations into the mechanisms of falls and 
successful recovery. It may also reduce the need for multiple trials and the potential 
confounding effect of anticipation. 
We observed the severity main effect on peak trunk flexion angle in both age 
groups. In response to the larger perturbations, both groups exhibited higher peak trunk 
flexion angles. Our results aligned with the previous findings that more severe falls are 
associated with a loss of trunk control (Bourke et al., 2008; Liu and Lockhart, 2014). The 
severity main effect we found also echoed with the results by Lee et al. (2016a) who 
examined the slip recovery responses after different severities of perturbations. Altering 
the duration of the tripping perturbation may be another way to manipulate the severity 
(Tokuno et al., 2010). However, manipulating the duration of the perturbation may 
influence the gross fall recovery strategy selection (Shirota et al., 2014). Since the 
acceleration profile (i.e. both the acceleration and duration) can be easily manipulated in 
our novel protocol, this enables researchers and clinicians to provide different levels of 
perturbation for potential research and training purposes (Crenshaw et al., 2013a). 
Tripping fall recovery requires rapid responses immediately after the onset of the 
trip (Grabiner and Jahnigen, 1992; Stelmach and Worringham, 1985), and the responses 
consist of three main conceptual components: the reactive control of the forward rotation 
of trunk (Grabiner et al., 1996; Grabiner et al., 1993), the use of a support limb in slowing 
the fall (Dietz et al., 1986; Eng et al., 1994), and the recovery stepping of sufficient 
length (Fukagawa and Schultz, 1995; Grabiner et al., 1993). The current protocol elicited 
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similar trunk kinematics to what other protocols prompted. Moreover, this protocol has 
the feature of unilateral foot obstruction on the limb that bore only about 20% of the body 
weight. As depicted in Figure 4, participants exhibited reactive control of the trunk 
following a sequence of an early trunk extension (ie. 800-1000ms in Figure 4) before 
exaggerated flexion and recovery steps (1100ms to 1300ms). The critical recovery step 
was typically made by the contralateral limb. If it was successful in arresting the trunk 
forward momentum, the fall could be prevented. Single or multiple recovery steps were 
observed after the tripping perturbation before the participant resumed normal walking. 
Limitations 
The main limitation of this study was that the tripping perturbations were 
delivered during stance phase as opposed to trips in real life scenarios. This is an inherent 
limitation of the treadmill-based tripping protocol. However, in our protocol at the instant 
of the perturbation (i.e. early stance phase), approximately 80% the body weight was still 
on the non-tripped limb. Our success in consistently delivering the perturbation at this 
early stance phase may be as realistic as it can be when it comes to treadmill-based 
simulated fall protocols. Additionally, the use of safety bars may have led to smaller 
(although significant) differences in peak trunk flexion angle, as participants were able to 
break a fall by reaching for these bars. 
Conclusion 
We validated that our new protocol can serve as an assessment tool to 
differentiate the trip recovery responses between younger and older adults. The protocol 
successfully induced more falls in the older group as well as more falls in the large 
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acceleration condition. We have also demonstrated that our novel protocol may be useful 
in detecting the disparate trip recovery responses between different age and clinical 
populations. We see potential of utilizing our protocol to understand trip recovery 
responses and trip-related falls, as well as to screen for fall risk. The customizable control 
scheme of our protocol may enable future investigations on how walking speed, 









1. Arena, S.L., Davis, J.L., Grant, J.W., Madigan, M.L., 2016. Tripping elicits 
earlier and larger deviations in linear head acceleration compared to slipping. 
PloS one 11. 
2. Aviles, J., Allin, L.J., Alexander, N.B., Van Mullekom, J., Nussbaum, M.A., 
Madigan, M.L., 2019. Comparison of treadmill trip-like training versus Tai Chi to 
improve reactive balance among independent older adult residents of senior 
housing: a pilot controlled trial. The Journals of Gerontology: Series A 74, 1497-
1503. 
3. Berg, W.P., Alessio, H.M., Mills, E.M., Tong, C., 1997. Circumstances and 
consequences of falls in independent community-dwelling older adults. Age and 
ageing 26, 261-268. 
4. Berger, W., Dietz, V., Quintern, J., 1984. Corrective reactions to stumbling in 
man: neuronal co ordination of bilateral leg muscle activity during gait. The 
Journal of physiology 357, 109-125. 
5. Bourke, A.K., O’Donovan, K.J., Olaighin, G., 2008. The identification of vertical 
velocity profiles using an inertial sensor to investigate pre-impact detection of 
falls. Medical Engineering & Physics 30, 937-946. 
6. Crenshaw, J.R., Kaufman, K.R., Grabiner, M.D., 2013a. Compensatory-step 
training of healthy, mobile people with unilateral, transfemoral or knee 
disarticulation amputations: A potential intervention for trip-related falls. Gait & 
posture 38, 500-506. 
7. Crenshaw, J.R., Kaufman, K.R., Grabiner, M.D., 2013b. Trip recoveries of people 
with unilateral, transfemoral or knee disarticulation amputations: Initial findings. 
Gait & posture 38, 534-536. 
8. Dietz, V., Quintern, J., Boos, G., Berger, W., 1986. Obstruction of the swing 
phase during gait: phase-dependent bilateral leg muscle coordination. Brain 
research 384, 166-169. 
9. Eng, J.J., Winter, D.A., Patla, A.E., 1994. Strategies for recovery from a trip in 
early and late swing during human walking. Experimental brain research 102, 
339-349. 
10. Florence, C.S., Bergen, G., Atherly, A., Burns, E., Stevens, J., Drake, C., 2018. 
Medical costs of fatal and nonfatal falls in older adults. Journal of the American 
Geriatrics Society 66, 693-698. 
11. Fukagawa, N.K., Schultz, A.B., 1995. Muscle function and mobility 
biomechanics in the elderly: an overview of some recent research. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences 50, 60-63. 
12. Grabiner, M.D., Donovan, S., Bareither, M.L., Marone, J.R., Hamstra-Wright, K., 
Gatts, S., Troy, K.L., 2008. Trunk kinematics and fall risk of older adults: 
translating biomechanical results to the clinic. Journal of Electromyography and 
Kinesiology 18, 197-204. 
13. Grabiner, M.D., Feuerbach, J.W., Jahnigen, D.W., 1996. Measures of paraspinal 
muscle performance do not predict initial trunk kinematics after tripping. Journal 
of biomechanics 29, 735-744. 
22	
	
14. Grabiner, M.D., Jahnigen, D., 1992. Modeling recovery from stumbles: 
preliminary data on variable selection and classification efficacy. Journal of the 
American Geriatrics Society 40, 910-913. 
15. Grabiner, M.D., Koh, T.J., Lundin, T.M., Jahnigen, D.W., 1993. Kinematics of 
recovery from a stumble. Journal of gerontology 48, M97-M102. 
16. Heijnen, M.J.H., Rietdyk, S., 2016. Falls in young adults: Perceived causes and 
environmental factors assessed with a daily online survey. Human movement 
science 46, 86-95. 
17. Hordacre, B., Barr, C., Crotty, M., 2015. Community activity and participation 
are reduced in transtibial amputee fallers: a wearable technology study. BMJ 
Innovations 1, 10-16. 
18. King, S.T., Eveld, M.E., Martínez, A., Zelik, K.E., Goldfarb, M., 2019. A novel 
system for introducing precisely-controlled, unanticipated gait perturbations for 
the study of stumble recovery. Journal of neuroengineering and rehabilitation 16, 
69. 
19. Koo, T.K., Li, M.Y., 2016. A Guideline of Selecting and Reporting Intraclass 
Correlation Coefficients for Reliability Research. J Chiropr Med 15, 155-163. 
20. Lee, A., Bhatt, T., Pai, Y.C., 2016a. Generalization of treadmill perturbation to 
overground slip during gait: effect of different perturbation distances on slip 
recovery. Journal of biomechanics 49, 149-154. 
21. Lee, B.C., Martin, B.J., Thrasher, T.A., Layne, C.S., 2016b. The effect of 
vibrotactile cuing on recovery strategies from a treadmill-induced trip. IEEE 
Transactions on Neural Systems and Rehabilitation Engineering 25, 235-243. 
22. Lee, J.K., Robinovitch, S.N., Park, E.J., 2014. Inertial sensing-based pre-impact 
detection of falls involving near-fall scenarios. IEEE transactions on neural 
systems and rehabilitation engineering 23, 258-266. 
23. Li, W., Keegan, T.H., Sternfeld, B., Sidney, S., Quesenberry Jr, C.P., Kelsey, J.L., 
2006. Outdoor falls among middle-aged and older adults: a neglected public 
health problem. American journal of public health 96, 1192-1200. 
24. Liu, J., Lockhart, T.E., 2014. Trunk angular kinematics during slip-induced 
backward falls and activities of daily living. Journal of biomechanical engineering 
136. 
25. Masani, K., Kouzaki, M., Fukunaga, T., 2002. Variability of ground reaction 
forces during treadmill walking. Journal of applied physiology 92, 1885-1890. 
26. Nashner, L.M., 1976. Adapting reflexes controlling the human posture. Exp Brain 
Res 26, 59-72. 
27. Nashner, L.M., 1977. Fixed patterns of rapid postural responses among leg 
muscles during stance. Exp Brain Res 30, 13-24. 
28. Nashner, L.M., 1980. Balance adjustments of humans perturbed while walking. 
Journal of Neurophysiology 44, 650-664. 
29. Owings, T.M., Pavol, M.J., Grabiner, M.D., 2001. Mechanisms of failed recovery 
following postural perturbations on a motorized treadmill mimic those associated 
with an actual forward trip. Clinical Biomechanics 16, 813-819. 
30. Pai, Y.-C., Maki, B., Iqbal, K., McIlroy, W., Perry, S., 2000. Thresholds for step 
initiation induced by support-surface translation: a dynamic center-of-mass model 
23	
	
provides much better prediction than a static model. Journal of biomechanics 33, 
387-392. 
31. Painter, J.A., Elliott, S.J., Hudson, S., 2009. Falls in community-dwelling adults 
aged 50 years and older prevalence and contributing factors. Journal of Allied 
Health 38, 201-207. 
32. Patel, P., Bhatt, T., 2015. Adaptation to large magnitude treadmill based 
perturbations: improvements in reactive balance response. Physiological reports 3, 
e12247. 
33. Pater, M.L., Rosenblatt, N.J., Grabiner, M.D., 2015. Expectation of an upcoming 
large postural perturbation influences the recovery stepping response and 
outcome. Gait & Posture 41, 335-337. 
34. Pavol, M.J., Owings, T.M., Foley, K.T., Grabiner, M.D., 2001. Mechanisms 
leading to a fall from an induced trip in healthy older adults. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences 56, M428-
M437. 
35. Pijnappels, M., Bobbert, M.F., van Dieën, J.H., 2005. Push-off reactions in 
recovery after tripping discriminate young subjects, older non-fallers and older 
fallers. Gait & posture 21, 388-394. 
36. Pijnappels, M., Kingma, I., Wezenberg, D., Reurink, G., Van Dieën, J.H., 2010. 
Armed against falls: the contribution of arm movements to balance recovery after 
tripping. Experimental brain research 201, 689-699. 
37. Potocanac, Z., Pijnappels, M., Verschueren, S., van Dieën, J., Duysens, J., 2016. 
Two-stage muscle activity responses in decisions about leg movement 
adjustments during trip recovery. Journal of neurophysiology 115, 143-156. 
38. Robinovitch, S.N., Feldman, F., Yang, Y., Schonnop, R., Leung, P.M., Sarraf, T., 
Sims-Gould, J., Loughin, M., 2013. Video capture of the circumstances of falls in 
elderly people residing in long-term care: an observational study. The Lancet 381, 
47-54. 
39. Schillings, A., Mulder, T., Duysens, J., 2005. Stumbling over obstacles in older 
adults compared to young adults. Journal of neurophysiology 94, 1158-1168. 
40. Schulz, B.W., 2017. A new measure of trip risk integrating minimum foot 
clearance and dynamic stability across the swing phase of gait. Journal of 
biomechanics 55, 107-112. 
41. Sessoms, P.H., Wyatt, M., Grabiner, M., Collins, J.-D., Kingsbury, T., Thesing, 
N., Kaufman, K., 2014. Method for evoking a trip-like response using a treadmill-
based perturbation during locomotion. Journal of biomechanics 47, 277-280. 
42. Shirota, C., Simon, A.M., Kuiken, T.A., 2014. Trip recovery strategies following 
perturbations of variable duration. Journal of biomechanics 47, 2679-2684. 
43. Shirota, C., Simon, A.M., Kuiken, T.A., 2015. Transfemoral amputee recovery 
strategies following trips to their sound and prosthesis sides throughout swing 
phase. Journal of neuroengineering and rehabilitation 12, 79. 
44. Stelmach, G.E., Worringham, C.J., 1985. Sensorimotor deficits related to postural 




45. Szturm, T., Fallang, B., 1998. Effects of varying acceleration of platform 
translation and toes-up rotations on the pattern and magnitude of balance 
reactions in humans. Journal of Vestibular Research 8, 381-397. 
46. Tokuno, C.D., Cresswell, A.G., Thorstensson, A., Carpenter, M.G., 2010. Age-
related changes in postural responses revealed by support-surface translations 
with a long acceleration–deceleration interval. Clinical Neurophysiology 121, 
109-117. 
47. Van Dieen, J.H., Pijnappels, M., Bobbert, M., 2005. Age-related intrinsic 
limitations in preventing a trip and regaining balance after a trip. Safety Science 
43, 437-453. 
48. Zhang, F., D'Andrea, S.E., Nunnery, M.J., Kay, S.M., Huang, H., 2011. Towards 
design of a stumble detection system for artificial legs. IEEE transactions on 
neural systems and rehabilitation engineering 19, 567-577. 
  
25	
	
Curriculum Vitae																																																																																																																																										
 
 
26	
	
 
 
27	
	
 
28	
	
 
 
 
29	
	
 
 
30	
	
 
